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Two mRNAs, coding for the N and NS proteins, are transcribed from the small (S) Uukuniemi virus RNA
segment by an ambisense strategy (J. F. Simons, U. Hellman, and R. F. Pettersson, J. Virol. 64:247-255,
1990). In this report, we describe the analysis of the 5’ and 3’ ends of the two mRNAs. Primer extension as well
as cloning and sequencing of individual mRNAs showed that the 5’ ends of both mRNAs contained nonviral
sequences ranging from 7 to 25 residues in length (mean, 12 residues), indicating a cap-snatching mechanism
similar to the one originally described for priming of influenza virus mRNA synthesis. In 35% of the cases, the
first virion-specified nucleotide (an A residue) was substituted with a G residue, Between the translation
termination codons of N and NSg, there is a 74-residue-long noncoding intergenic region (Simons et al., J.
Virol. 64:247-255, 1990). Nuclease protection assays using both RNA and DNA hybridization probes showed
that the 3’ ends of the N and NSg mRNAs overlap each other by about 100 nucleotides. The 3’ end of the NS
mRNA extends into the coding sequence of the N mRNA, whereas the N mRNA is terminated just prior to the
stop codon of NSg. To our knowledge, this is the first example of overlapping complementary mRNAs in viruses
with an ambisense coding strategy. No obvious transcription termination sequence was identified. However,
because of a short palindromic sequence in the intergenic region, the 3’ ends of both mRNAs (and consequently
also the template RNAs) can be folded into an A/U-rich hairpin structure. It remains to be determined whether

this structure plays any role in transcription termination.

Although all members of the Bunyaviridae family have
similar structures and modes of morphogenesis in the Golgi
complex, significant differences exist in the organization and
strategy of expression of the viral genes (3, 8, 14, 28). The
genome of bunyaviruses, i.e., members of the Bunyavirus,
Hantavirus, Nairovirus, Phlebovirus, and Uukuvirus genera,
is divided into three RNA segments (L, M, and S) of
negative polarity. The L segment encodes the RNA-depen-
dent RNA polymerase, and the M segment encodes the two
membrane glycoproteins, G1 and G2, which are cotransla-
tionally cleaved from a precursor (8, 25, 30). In the case of
members of the Bunyavirus and Phlebovirus genera, this
precursor also contains a nonstructural polypeptide, NSy,
(10, 17, 28), located either between G1 and G2 (Bunyavirus)
or at the N terminus (Phlebovirus). The function of this
protein, which is not present in the M RNA product of
members of the other genera (28), is unknown.

The S segment shows the greatest variation in coding
strategy. In members of the Bunyavirus genus, two proteins,
the nucleocapsid protein N and a nonstructural protein NSg,
are translated from the same mRNA by using different and
overlapping reading frames (11). Surprisingly, nairoviruses
(31) and hantaviruses (27) do not encode any NSg protein.
The S RNA segment of phleboviruses (16) and uukuviruses
(29), on the other hand, encodes both N and NSg proteins
translated from two subsegmental mRNAs transcribed from
the S RNA by using an ambisense coding strategy. Thus, the
N mRNA is transcribed from the 3’ half of the virion RNA
(VRNA), whereas the NSg mRNA is derived from the 3’ half
of the full-length viral-complementary RNA (vcRNA). In the
case of Uukuniemi (UUK) virus (Uukuvirus), both the
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vRNA and vcRNA strands (in a ratio of about 10:1) were
found to be packaged into virions (29). The size and nucle-
otide sequence of the intergenic region (IR), located between
the two coding regions, vary considerably between members
of the phleboviruses and uukuviruses. Punta Toro (PT) virus
(a phlebovirus) vVRNA contains the longest IR so far found
(359 residues) (9, 16). It is very A/U rich and can be folded
into a large (about 200 residues) hairpin structure. Transcrip-
tion of the two mRNAs terminates on both sides of the tip of
this hairpin. The IRs of the VRNAs of the phleboviruses
sandfly fever Sicilian virus (141 residues) (20), Rift Valley
fever virus (82 residues), and Toscana virus (62 residues)
(13) are relatively C rich and do not exhibit any clear
secondary structure. In the case of UUK virus, the IR is also
short (74 residues), contains 62% A+ U, with short runs of
A’s and U’s (29), and contains a short, almost perfect
palindromic sequence that could form a hairpin structure.
No sequences conserved between different bunyaviruses
have been found within the intergenic or surrounding region.
Thus, it is unclear what structural features determine tran-
scription termination. The intergenic region of the S RNA
segment of arenaviruses, which also exhibit an ambisense
strategy, is rather short and can be formed into a fully base
paired hairpin structure (1, 2).

The mRNAs of snowshoe hare (4), La Crosse (LAC) (22),
and Germiston (5) viruses, all members of the Bunyavirus
genus, have been found to contain short (10 to 18 nucleo-
tides) nontemplated 5’-end sequences. These are assumed to
be derived from the 5’ ends of host mMRNAs by a mechanism
similar to the cap-snatching originally described for influenza
virus (18, 19). Bishop et al. (4) were able to clone and
sequence the 5’ ends of five individual S RNA-sized mole-
cules from snowshoe hare virus-infected cells. Three of
these contained 13 to 14 nonviral nucleotides and had
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different sequences. Recently, Bouloy et al. (5) determined
the sequences of the 5’ ends of several individual M and S
mRNAs of Germiston virus and found 7 to 16 nonviral
nucleotides. By primer extension, Patterson and Kolakofsky
(22) also found 10 to 14 extra nucleotides at the 5’ end of
LAC virus S mRNAs. Sequence determinations of a mixture
of mRNAs indicated that these extra nucleotides had a
heterogeneous sequence. Only one report on the analysis of
the 5’ ends of a mRNA from a phlebovirus has been
reported. Collett (7) found by primer extension analyses that
the M mRNA of Rift Valley fever virus contained 12 to 14
extra nucleotides. Recently, nontemplated bases were also
found at the 5’ ends of Tacaribe virus (an arenavirus)
mRNAs. In this case, the nucleotides extended only 0 to 4
residues beyond the 3’ ends of the template RNA (12, 24).

To characterize the transcripts derived from the S RNA of
UUK virus, which is distantly related to the phleboviruses
(25, 29), we have analyzed the 5’ and 3’ ends of both
mRNAs. Nonviral, probably host-specified, sequences were
found at the 5’ ends of the two S RNA-derived mRNAs,
indicating that these mRNAs also steal short sequences from
host mRNAs to be used as primers for transcription initia-
tion. We also found that the 3’ ends of the mRNAs overlap
by about 100 residues, suggesting that they are able to
self-anneal.

MATERIALS AND METHODS

Virus and cells. The origin and preparation of stock virus
from the prototype strain S23 of UUK virus have been
described previously (23). The titer of the virus stock was 3
x 10® to 4 x 10® PFU/ml. Cells were infected with a
multiplicity of about 10 PFU per cell. The virus was grown in
BHK-21 cells, clone 13, in plastic flasks or dishes in Eagle’s
minimal essential medium supplemented with 0.2% bovine
serum albumin (BSA), 20 mM N-2-hydroxyethylpiperazine-
N'-2-ethanesulfonic acid (HEPES; pH 7.4), and antibiotics
(23).

Synthetic oligonucleotide probes and primers. The position
numbers of the nucleotides listed below refer to the virion
complementary-sense RNA in reference 29. For the synthe-
sis of single-stranded DNA probes by polymerase chain
reaction (PCR), two primers were used: RP-58 (complemen-
tary to positions 993 to 1010) and RP-81 (555 to 572). For
primer extension reactions, RP-125 (complementary to po-
sitions 26 to 43) was used for the N mRNA, and RP-130 (1680
to 1697) was used for the NSg mRNA or the virion S RNA.
For cloning of the 5’ ends of the N and NSg mRNAs, primers
RP-78 (complementary to positions 449 to 467) and RP-50
(1180 to 1198), respectively, were used for the cDNA syn-
thesis step. For PCR amplification, primers RP-79 (comple-
mentary to positions 225 to 242) and RP-48 (1444 to 1461) or
RP-130 (see above), respectively, were used in combina-
tion with RP-119 (5'-AGCGGAATTCTTTTTTTTTTTT-3'),
which includes an EcoRlI site.

Northern (RN A) blot analysis was done with four primers:
RP-45 (complementary to positions 879 to 896), RP-104
(complementary to positions 838 to 855), RP-142 (727 to
766), and RP-160 (786 to 830).

RP-125 and RP-130 (see above) were used as primers for
sequencing the 5’ ends of the cloned N and NSg mRNAs,
respectively.

Isolation of virion RNA and mRNAs. The procedures for
isolating virion RNA from purified virus particles and
mRNAs from virus-infected cells have been described in
detail previously (29, 30).
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Generation of riboprobes. Relevant cDNA fragments were
inserted into the polylinker region of plasmid pGEM-3
(Promega Corp., Madison, Wis.), cleaved with appropriate
restriction enzymes within the insert, and transcribed in the
presence of >2P-labeled CTP (Amersham Corp.), using either
the SP6 or T7 promoter. The DNA template was subse-
quently removed by DNase treatment; following phenol-
chloroform extraction, the riboprobe was precipitated with
ethanol. In all of these steps, standard protocols either
recommended by the manufacturer or described by Sam-
brook et al. (26) were used.

Generation of single-stranded DNA probes by PCR. Dou-
ble-stranded DNA was first amplified under standard condi-
tions by PCR, using appropriate pairs of primers. The
amplified fragments were then separated on an 1% low-
gelling-temperature agarose gel. The desired band was cut
out, and the DNA was recovered by phenol-chloroform
extraction followed by precipitation with ethanol. To gener-
ate radioactive single-stranded probes, 100 ng of gel-purified
DNA fragments were then used as the template in a reaction
mixture containing 10 pmol of only one of the primers, 50
mM KCl, 20 mM Tris-HCI (pH 8.4), 2.5 mM MgCl,, 100 pg
of BSA per ml, 4 uM each deoxynucleoside triphosphate, 25
nCi of [a->’P]dCTP, and 4 U of Taq polymerase (Perkin-
Elmer AB, Sundbyberg, Sweden) in a total volume of 100 ul.
The reactions were run for 30 cycles, and the unincorporated
nucleotides were removed by chromatography on a Sepha-
dex G-50 column (Pharmacia-LKB, Uppsala, Sweden). The
labeled probes thus obtained were precipitated with ethanol
and used directly in the hybridization assays.

Mapping of N and NSg mRNA 3’ ends with mung bean
nuclease. Five micrograms of sucrose gradient-purified
mRNA (29, 30) was precipitated with ethanol together with
150,000 cpm of single-stranded 3?P-labeled DNA probe,
prepared as outlined above, and resuspended in 20 ul of
hybridization solution [80% formamide, 40 mM piperazine-
N,N'-bis(2-ethanesulfonic acid) (PIPES; pH 6.4), 400 mM
NaCl, 1 mM EDTA (pH 8.0)]. The samples were heated to
65°C for 10 min and hybridized overnight at 30°C. The
volume was then increased to 320 pl by addition of nuclease
buffer (0.28 M NaCl, 50 mM sodium acetate [pH 4.5], 4.5
mM ZnSO,), and the single-stranded nucleic acids were
digested with 300 U of mung bean nuclease (Pharmacia) at
30°C for 60 min. The reaction was terminated by addition of
80 pl of stop buffer (4 M ammonium acetate, 20 mM EDTA
[pH 8.0], 40 pug of tRNA per ml). The material was precip-
itated with ethanol, resuspended in loading buffer containing
formamide, and analyzed on an 8% sequencing gel.

Mapping of N and NSg mRNA 3’ ends with RNases A and
T,. Five micrograms of mRNA was precipitated with ethanol
and resuspended in 30 pl of hybridization buffer (see above).
The riboprobe was resuspended in 50 ul of the same solu-
tion, and 1/50 was added to the test RN A, heated to 85°C for
5 min, and then incubated for 16 h at 45°C. Three hundred
microliters of RNase digestion buffer (10 mM Tris-HCI [pH
7.5], 5 mM EDTA, 300 mM NaCl) containing RNase A (40
wng/ml) and RNase T, (2 pg/ml) (both enzymes supplied by
Boehringer Mannheim) was added, and the mixture was
incubated at 30°C for 60 min. The digestion was terminated
by addition of 20 pl of 10% sodium dodecyl sulfate and 50 pg
of proteinase K (Boehringer Mannheim) and incubated for 15
min at 37°C. The sample was then extracted with phenol and
chloroform, ethanol precipitated in the presence of 20 ug of
calf liver tRNA (Boehringer Mannheim), resuspended in
loading buffer, and analyzed on an 8% sequencing gel.

Northern blot analysis. The RNA samples were denatured
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in 50% formamide and 6.5% formaldehyde for 3 min at 70°C,
run on a 1% agarose gel containing 6.6% formaldehyde, and
subsequently transferred to Hybond-N filters (Amersham)
(29). Hybridization was performed in the absence of form-
amide according to standard protocols.

Primer extensions. Template RNA was precipitated to-
gether with labeled primer (7.5 X 10° cpm/pmol; 150,000 cpm
per reaction), resuspended in 30 pl of hybridization buffer
(80% formamide, 40 mM PIPES [pH 6.4], 400 mM NaCl, 1
mM EDTA), and incubated for 40 h at 30°C. After precipi-
tation, the annealed primer and template were dissolved in
reverse transcriptase buffer (50 mM Tris-HCI [pH 8], 5 mM
MgCl,, 5 mM dithiothreitol, 50 mM KClI, 50 mg of BSA per
ml, 550 pM each deoxynucleoside triphosphate), and the
primer was extended with avian myeloblastosis virus reverse
transcriptase (20 U; Promega Corp.) for 90 min at 42°C. The
products were reprecipitated with ethanol and run on an 8%
sequencing gel.

Cloning and sequencing of N and NSg mRNA 5’ ends.
Cytoplasmic RNA was extracted from UUK virus-infected
cells and fractionated on a 15 to 30% sucrose gradient (29,
30). Synthesis of cDNA was performed under standard
conditions (26, 29) following denaturation of the S mRNA
template by 300 uM CH,;HgOH for 3 min at room tempera-
ture. The template RNA was subsequently denatured in 300
pM NaOH at 50°C for 30 min and incubated for 30 min at the
same temperature after addition of acetic acid to a final
concentration of 2%. The cDNA was then separated from
the primers and other low-molecular-weight solutes by four
washes in a Centricon 30 microconcentrator (Amicon), pre-
cipitated with ethanol, and poly(A) tailed by using a terminal
deoxynucleotidyltransferase-tailing kit (Boehringer Mann-
heim). After phenol extraction and ethanol precipitation, the
cDNA was PCR amplified by using an oligo(dT) primer
containing a 5'-terminal EcoRI site and a primer complemen-
tary to a downstream viral sequence. The PCR-amplified
material was made blunt end by DNA polymerase I (Klenow
fragment) and cloned either into the HindlI site of a pGEM-3
(Promega) vector (NS mRNA clones) or into the Aval-
EcoRl sites of a pGEM-3 Zf(—) vector (Promega) (N mRNA
clones).

Sequence determination was performed by a modification
of the dideoxy-chain termination method, using double-
stranded cDNA inserts as the template and Sequenase
(United States Biochemical Corp.). The sequencing primers
used are listed above.

RESULTS

Cloning and sequencing of the 5’ ends of N and NS¢
mRNAs. To investigate the structures of the 5’ ends, a
representative number of 5’ ends of the N and NSg mRNAs
were cloned and sequenced. Complementary DNA was
synthesized by using as templates N and NS, mRNAs,
separated from M and L. mRNAs by sucrose gradient cen-
trifugation, and primer RP-78 or RP-50, 449 to 467 (N
mRNA) or 523 to 541 (NSg mRNA) nucleotides downstream
from the 5’ end of the respective mRNAs. The cDNA was
tailed with dA residues and PCR amplified by using an
oligo(dT) primer containing an EcoRI site (RP-119) and
virus-specific primers located approximately 250 nucleotides
from the 5’ ends of the two mRNAs (RP-79 for N mRNA and
RP-48 for NSg mRNA). To increase the specificity of the
PCR, these primers were different from those used for
first-strand cDNA synthesis. The amplified DNA was cloned
into pGEM-3 (NSg mRNA clones) or pGEM-3 Zf(—) (N
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FIG. 1. Autoradiograms of primer extensions and sequence anal-
yses of the 5’ ends of the N and NSg mRNAs. Primer extensions
were carried out by using N (panel A, lane 1) and NSg (panel B, lane
2) mRNAs as templates and oligonucleotides complementary to the
S’ ends of the respective mRNAs as primers (see Materials and
Methods). As a control, primer extension was also done by using the
VvRNA as the template (panel B, lane 1). The arrow indicates the
position of this product and shows that it migrated to a position close
to that corresponding to the 5’ end of the template VRNA. +10 and
+15 indicate the number of the extra nucleotides found at the §’
ends of the mRNAs. Also shown are two examples of sequences
obtained for the cloned 5’ ends of an N (panel A, lanes 2 to 5) and
an NSg (panel B, lanes 3 to 6) mRNA species. The 5’ ends were
cloned and sequenced as described in Materials and Methods. viral,
virus-specified sequences; nonviral, probably host-specified se-
quences; tail, sequence derived from the poly(dA)-tailing procedure;
EcoRl, linker sequence introduced to facilitate cloning.

mRNA clones) vectors, and 16 N and 9 NSg mRNA-specific
clones were isolated for sequence analysis. Sequencing of
the inserts (lanes 2 to 5 and 3 to 6 in Fig. 1A and B,
respectively) showed that all contained extra 5’ nonviral
nucleotides ranging from 7 to 25 residues, with 11 to 14
nucleotides being the most common lengths (Fig. 2). In nine
cases (36%), the first virus-encoded nucleotide (an A resi-
due), complementary to the 3’-terminal U residue of the
template VRN A, was missing. In eight of these mRNAs, this
nucleotide was replaced by a G residue. Comparison of the
sequences with each other did not reveal any apparent
similarities, although some nucleotides seemed to be favored
in certain positions. In cases in which the first virus-encoded
A was present, the last host-derived nucleotide was a C in 13
of 15 mRNAs. In addition, a C at position —3 was frequently
observed in these cases (10 of 15). The base composition of
the pooled sequenced 5’ ends was 16.9% A, 31.7% C, 27.3%
G, and 24.1% U.
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VRNA  3'
VCRNA S5

UGUGUU...
ACACANA...

5' ends of N mRNAs:

-1 +1
GAGUGGCGCUGUGAGG CAa
AGAGCGCUGUGCCG CA
AGUAUCGACCUCAC ACA
GGUGAGGCGGACAC ACA
GAACAACGCAGUG caAa
ACACGGGCCGAG ACA
GGUCUCUUGCUG ca
AGAUGCCUUCAG cha
CUUUGCCCCAU caAa
CUUCUCGCUGA ACA
AUGUGGCCCGC ACRA
CUCUGUGGUC ACHA
cvuccucce CA
GCGUUACAC ACA

5' ends of NSs mRNAs:

ACUUCUUGCUUAGAGAGCGCCGCAC ACA
CUUGGCAGUUUGUCGUCAC ACA
ACUCCUCUGCCACUCAC ACA
GAUCAUUUUCUACACAC ACA
GUGUUAGUUCUGCAC ACRA
CCUUUCCUCAGCUG CcCaAa
GAAGCCGAGCCG CcCaAa
AARAUUGGUAAAAG C A
CCGGUGGC ACA

CCGGCCGC ACA

CCCUUAC ACA

FIG. 2. Nonviral sequences at the 5’ ends of UUK virus N and
NSg mRNAs.

Sequencing of the N mRNAs downstream from the virus-
encoded 5’ end (data not shown) revealed an error in the
previously published sequence (29). The error was due to the
fact that a wrong nucleotide was included in the primer used
for cDNA synthesis. The correct sequence of the extreme 3’
end of the S VRNA should read 5'-TTGGAGGTCTTTGT
GT-3', where the underlined G is a C in the original publi-
cation. This change results in a further increase of the
stability of the base-paired 3’ and 5’ stem structure of the S
vRNA segment.

Determination of the average length of the nonviral se-
quences. To determine the actual length distribution of the
nonviral 5’ ends more accurately, total N and NSg mRNAs
were analyzed by primer extension, using the same primers
as for sequencing of the 5’ ends of the respective mRNAs.
Lane 1 in Fig. 1A and lane 2 in Fig. 1B represent the primer
extensions of the N and NSy mRNAs, respectively. As
determined by densitometric scanning, about 85% of the
mRNAs contained host-derived sequences of 10 to 16 nucle-
otides, the mean being 12 residues. The rest were either
shorter or longer than this. A longer exposure of the gel
revealed sequences as short as 8 and as long as 20 residues.
Using VRNA as the template and RP-130 (see Materials and
Methods) as the primer, a cDNA product (extended toward
the 5’ end) with the expected length was obtained (Fig. 1B,
lane 1). For an unknown reason, this product migrated
between positions +1 and +2 compared with the marker
(lanes 3 and 4).

Mapping of the 3’ ends of the N and NS3¢ mRNAs by
nuclease protection assays. The length of the N (about 800
residues) and NSg (about 850 residues) mRNAs (29) suggest
that they terminate somewhere around the 74-nucleotide-
long noncoding intergenic region. As a first step to investi-
gate the mechanism of transcription termination, we mapped
the locations of the 3’ ends of these mRNAs. To this end,
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nuclease protection assays were performed. Since the mo-
bilities between single-stranded RNA (ss-RNA) and ssDNA
differs somewhat and we used ssDNAs as markers, the
mapping was carried out by using both ssSRNA and ssDNA
probes. The riboprobes were synthesized in vitro from
pGEM-3 vectors containing the appropriate cDNA inserts
by using either the SP6 or the T7 promoter. The ssDNA
probes were generated by PCR. In the latter case, double-
stranded DNA was first amplified and purified on an agarose
gel and subsequently used as a template in a reaction
performed in the presence of only one primer and 3?P-labeled
dCTP.

By using ssDNA probes complementary to the 3’ ends of
both mRNAs (Fig. 3D), mung bean nuclease-resistant, pro-
tected fragments of 236 (NSg mRNA; Fig. 3A, lane 3) and
313 to 315 (N mRNA; Fig. 3A, lane 4) nucleotides, respec-
tively, were obtained. By using two different riboprobes
complementary to the N mRNA (Fig. 3E and F), RNase
A+T,-resistant fragments of 70 to 73 and 150 to 153 nucle-
otides were obtained (Fig. 3B, lane 3; Fig. 3C, lane 3). A
riboprobe complementary to the NSg mRNA (Fig. 3E) also
gave a protected fragment of 70 to 73 nucleotides (Fig. 3B,
lane 4). As is evident from Fig. 3A to C, the bands corre-
sponding to the protected fragments are somewhat hetero-
geneous. Whether this is due to heterogeneous 3’ ends or to
nibbling of the ends of the protected fragments is unclear.
The results obtained with the two different kinds of probes
were in good agreement with each other. In summary, the 3’
end of the N mRNA could be mapped to a eight-residue-long
region, whereas that of the NS¢ mRNA was mapped to a
five-residue-long region (Fig. 4). These results mean that the
two mRNAs overlap each other by about 100 nucleotides.

Confirmation of the mRNA 3’ ends by Northern blot
analyses. To confirm the results presented above, the N and
NSg mRNAs were subjected to Northern blot analyses using
as probes pairs of synthetic oligonucleotides corresponding
to sequences just upstream (RP-104 and RP-160) and down-
stream (RP-45 and RP-142) of the predicted 3’ ends (Fig. 5B).
The former probes hybridized to the N (Fig. SA, lane 2) and
NSg (lane 7) mRNAs, respectively, whereas the latter ones
failed to do so (lanes 4 and 9, respectively), in full concor-
dance with the results obtained from the nuclease protection
assays. None of the four probes hybridized to RNA from
uninfected cells (lanes 1, 3, 6, and 8). Lanes 5 and 10 show
that probes RP-45 and RP-142, which failed to hybridize to
the mRNAs, were able to detect the full-length S veRNA and
VvRNA, respectively.

DISCUSSION

In this study, we have analyzed the structures of the 5’
ends and mapped the positions of the 3’ ends of the two
subsegmental mMRNAs transcribed from the S RNA segment
of UUK virus. Our refined view on the strategy of expres-
sion of the S segment is summarized in Fig. 6. Two main
conclusions can be drawn from the results. First, the 5’ ends
of the N and NSg mRNAs contain nonviral sequences, about
10 to 15 nucleotides in length. Second, the 3’ ends of the two
S segment-derived mRNAs extend across the 74-residue-
long noncoding intergenic region, resulting in an about
100-residue overlap.

For both the N and NSy mRNAs, the 5’ nonviral se-
quences were heterogeneous, with a somewhat higher G+C
(59%) than A+U (41%) content. Since this base composition
may reflect that of the 5’ ends of host mRNAs in general, this
difference may be without significance. Primer extension of
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FIG. 3. Mapping of the 3’ ends of the N and NSg mRNAs by
nuclease protection assays. (A to C) Autoradiograms of the pro-
tected fragments after analyses on an 8% sequencing gel together
with different sequencing ladders used as size markers (lanes 1 and
2). (D to F) Schematic representations of the probes used and the
protected fragments obtained after hybridization and nuclease treat-
ment. (A and D) Mapping of the 3’ ends using ssDNA probes
generated from primers RP-81 and RP-58 by PCR. The mung bean
nuclease-resistant fragments (236 and 313 to 315 residues) obtained
are shown in lanes 3 and 4, respectively. (B and E) Mapping of the
3’ ends by using riboprobes. Radioactive probes were transcribed in
vitro from viral cDNA inserts, using either the SP6 or T7 promoter.
The cDNA insert (in pGEM-3) was first linearized with restriction
endonucleases at position 797 (N mRNA) or 852 (NSg mRNA) to
generate specific 3’ termini. Following hybridization to the mRNAs,
RNase A+T,-resistant fragments of 70 to 73 nucleotides in length
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the 5’ ends indicated that the lengths of the nonviral se-
quences varied from 8 to 20 residues, with a majority being
10 to 15 residues (mean, 12). Determination of the sequences
of individual 5’ ends showed an even wider length distribu-
tion (7 to 25 residues). Although the cloning strategy should
have minimized the risk of losing nucleotides from the
extreme 5’ ends, it is conceivable that some of the shorter
clones lack one or several nucleotides. It is possible that
reverse transcriptase in some cases is unable to copy the
nucleotides close to the cap structure of the 5’ ends of some
mRNAs. In analogy to influenza viruses (18, 19), we assume
that the 5’ ends of UUK virus, and bunyaviruses in general,
are derived from the 5’ ends of host mRNAs. De novo
initiation of eukaryotic mRNA synthesis by polymerase II
occurs in 50% of the cases with an A, in 25% with a G, and
in the remaining 25% with a pyrimidine (C or U) residue (6).
We observed, however, an equal representation of A (32%),
G (32%), and C (33%) at the extreme 5’ ends of the N and
NSg mRNAs. The cDNAs were tailed with A residues, and
therefore it was not possible to estimate the frequency of U
residues at the 5’ ends. Since we do not know whether these
bases in all cases represent the penultimate nucleotide in the
cap structure, it is not possible to tell whether this base
distribution reflects that of the general population of mRNA
5’ ends in BHK-21 cells. The finding of a clone with as many
as 25 nonviral nucleotides was surprising. Such a long
sequence has not been described for any other viral mRNAs.
Whether this 5’ end indeed corresponds to a cellular mRNA
or is a cloning artifact is unclear. Using the corresponding
synthetic oligonucleotide, we have been unable to detect any
host BHK-21 cell mRNA species by Northern blot analysis
(unpublished data).

As has been noticed for influenza (18), snowshoe hare (4)
and Germiston (5) virus mRNAs, the first virus-encoded
base (an A residue at position +1) was missing from some of
the mRNAs in UUK virus. With the exception of one case,
this nucleotide was replaced by a G residue, as found for the
viruses mentioned above. The details of the biochemistry
involved in cap-snatching and priming of transcription have
been elegantly worked out for influenza virus (18, 19). The
structural analyses done on the 5’ ends of bunyavirus
mRNAs suggest that the mechanisms may be very similar.
Thus, an endonucleolytic cleavage, preferentially after a
purine, by a viral enzyme would first generate the capped
oligonucleotide primer, followed by elongation with the 3’
end of the VRNA or vcRNA as the template. An endonucle-
olytic activity has indeed been found in LAC virus. Further-
more, capped and methylated (but not uncapped or unmeth-
ylated) RNAs were found to stimulate in vitro transcription
by the LAC virion transcriptase (22). That the in vivo-
synthesized LAC virus mRNAs are indeed capped was
recently shown by Hacker et al. (15), using affinity selection
with anticap antibodies. Whereas the role of the viral pro-
teins responsible for the cap-snatching, priming, and chain
elongation has to a large extent been defined for influenza
virus (19), nothing is known about the bunyavirus proteins
involved in these events. Likely candidates are the L and the

were obtained in both cases (lanes 3 and 4). To confirm these results
for the N mRNA, a different riboprobe was transcribed from the SP6
promoter after cleavage of the insert at position 717 (C and F). A
protected fragment of 150 to 153 nucleotides in length was obtained
(lane 3). Numbering of the cleavage sites of the cDNA inserts
corresponds to that of the full-length S vcRNA segment (29).
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FIG. 4. Positions of the 3’ termini of the N and NSg mRNA s relative to each other. The sequence of the N mRNA is shown above, and
that of the NSq is shown below. The C-terminal amino acid sequences are also shown. Shaded areas represent locations of the 3’ ends and
are based on the data presented in Fig. 3. Numbering is according to Simons et al. (29). The bar indicates the palindromic sequence found

in the intergenic region.

NSg proteins, although the latter is missing from hantavirus-
and the nairovirus-infected cells (3, 8, 28). It should also be
pointed out that whereas influenza virus cap-snatching and
transcription take place in the nucleus, transcription in
bunyavirus-infected cells appears to be confined to the
cytoplasm (8, 28). Since nontemplated bases have recently
also been found at the 5’ ends of the mRNAs of an arenavi-
rus (Tacaribe) (12, 24), it appears that transcription of all
known negative-strand viruses with a segmented genome
(orthomyxoviruses, arenaviruses, and bunyaviruses) is
primed by short oligonucleotides derived from host mRNAs.

Where studied, the mRNAs transcribed from the M seg-

RP-104 RP-45 RP-160 RP-142
S RNA 1 e '
s mRNAs[ . . :
1, 2 3 4 5 6 7 8 9 10
B RP-104 RP-45
. N mRNA -
5 eass 3
3 NSs mRNA et

RP-142 RP-160

FIG. 5. Mapping of the 3’ ends by Northern blot analysis using
strand-specific oligonucleotides. mRNA from infected or uninfected
cells was isolated from CsCl pellets and analyzed by Northern
blotting, using as probes the synthetic oligonucleotides RP-104
(panel A, lanes 1 and 2) and RP-45 (lanes 3 to 5) (complementary to
the N mRNA-sense strand) and RP-142 (lanes 6 and 7) and RP-160
(lane 8 to 10) (complementary to the NSg mRNA-sense strand) (see
Materials and Methods). RP-45 and RP-142 were also hybridized to
S vcRNA (lane 5) and vRNA (lane 10). (B) Positions of the probes
relative to the 3’ ends of the two mRNAs.

ment and from the S segment (except for the ambisense
phleboviruses and uukuviruses) are somewhat shorter than
the template RNA (8), a situation also found for influenza
virus mRNAs (19). This is due to pretermination about 100
residues before the end of the template. For bunyaviruses,
no clear consensus sequence (nor secondary structure) has
been found that could be considered to represent a termina-
tion signal. Stretches of U’s or C’s have been found in the
template VRNAs close to the presumed 3’ ends of some
mRNAs (summarized in reference 5), but it is unclear
whether these stretches serve a major function in transcrip-
tion termination. The mechanism of transcription termina-
tion of the S RNA-derived mRNAs of bunyaviruses with an
ambisense strategy also remains unclear (13). The 3’ ends
have so far been mapped only for PT virus (a phlebovirus)
and UUK virus. In the case of PT virus, which has a very
large A/U-rich intergenic region (16), transcription of both
the N and NSg mRNAs seems to terminate at either side of
the tip of a large hairpin structure. Thus, the mRNAs do not
overlap each other. In the case of UUK virus, a different
mechanism must exist, since we found that the 3’ ends of the
UUK virus mRNAs overlap each other with about 100
residues. Within the IR of UUK virus, there is a short
palindromic sequence (underlined in Fig. 4), which in both
the vVRNA and the vcRNA can be folded into a 9-bp stem
(with one mismatch) and a 6-residue loop structure. This
structure is included in both mRNAs some 35 (N mRNA)
and 40 (NSs mRNA) nucleotides from their 3’ ends. Whether
it is part of the termination signal is unclear. No similarities
in the sequences were found in the template RNAs around
the 3’ ends of the two mRNAs. The lack of possibilities to
manipulate the sequences of bunyaviruses makes it very
difficult to pinpoint regulatory sequences of this kind. The
glycoproteins G1 and G2 and the N proteins of phleboviruses
and uukuviruses show a low degree of homology, suggesting
that they are distantly related (25, 29). Mapping the location
of the 3’ ends of more phleboviruses and uukuvirus mRNAs,
and perhaps finding conserved motifs may therefore shed
some light on the mechanism of transcription termination.
As noted in the introduction, the sequences of the IRs of
sandfly fever Sicilian, Rift Valley fever, and Toscana viruses
(for which the 3’ ends of the mRNAs have not yet been
mapped) are, however, very different from each other and
from those of PT and UUK viruses and do not display any
clear secondary structures (13).
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FIG. 6. Schematic representation of the coding strategy of the UUK virus S RNA segment.
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